Nickel/ultra-dispersed PTFE composite films with various PTFE content are electrochemically prepared from a Watt's nickel plating bath in which the PTFE particles (mean diameter 0.3 mm) are suspended using a cationic fluorocarbon surfactant. The microstructures of Ni-PTFE composite films are analyzed by means of XRD, SEM and TEM, and their water-repellencies are also measured. The results indicate that the PTFE particles take a homogeneous distribution within all the composite films. The PTFE particle content in the composite films is dependent upon the particle concentration in the plating bath and the plating parameters, and strongly influence the physical properties of Ni-PTFE composite films such as water-repellency. The contact angle of a water drop on the surface of composite film with maximum PTFE content of about 47.4 vol% reaches 154.9
Introduction
Metal matrix composite films showing unique magnetic, mechanical, optical and chemical properties have been attracting keen interest during last several decades. 1) In general, these composite films can be realized by electrodeposition method since electrodeposition offers an easy onestep technique to form monolithic parts out of composite materials with appreciable thickness and controlled shape. The composite electrodeposition consists of the electrolysis of plating solutions in which micron-or submicron size particles are suspended: variable amounts of these particles become embedded in the electrochemically produced solid phase, to which they impact special properties. 2) Ni-PTFE (polytetrafluoroethylene) composite films prepared by electrodeposition method have received much more attention recently for their good water repellency and solid lubrication due to their low surface free energy and frication coefficient. The fabrication of Ni-PTFE composite films closely coincides with various factors including particle catalytic inertness, particle charge, plating bath composition, bath reactivity, compatibility of the particles with the metallic matrix, plating rate, and particle size distribution. 3) In general, the physics properties of Ni-PTFE composite films not only strongly depend on the particle content in the composite films, but also depend on the PTFE particles distribution in the composite films. As a general way, increasing the particle concentration in the plating bath can improve the amount of PTFE particles in the composite films. However, unmodified particles with micron-or submicron size are subject to aggregate into large packed particles due to strong inter-particle electrostatic attraction. Moreover, due to their water-repellency, the PTFE particles can hardly be dispersed in aqueous solution without any modification onto their surfaces. Thus, it is of vital importance to develop the effective methods which enable dispersion and suspension of these particles so as to co-deposit a sufficient number of particles, and avoid the agglomeration of particles suspended in the plating bath. In general, one of way to get rid of these difficulties is by adding certain surface active agent to the plating bath. The dispersing function of surfactant arises from the adsorption of surfactant on the surface of PTFE particles. As a results of adsorption, the particles surface would be positively charged, which leads to the separation of PTFE particles via electrostatic repulsion. 4) The intent of the present study is to design a novel plating bath containing a cationic surfactant as a dispersing agent of PTFE particles for preparing the electrodeposited nickel/ ultra-dispersed PTFE composite films with superior waterrepellency. N- [3-(perfluorooctanesulfonamide) propyl]-N,N, N-trimethylammonium iodide with a molecules structure as shown below, can be directly used to disperse PTFE particles in aqueous solutions. The dispersion and suspension of PTFE particles in the plating bath are evaluated using laser diffraction particle size analyzer. The microstructures of Ni-PTFE composite films are characterized by X-ray diffraction (XRD), fieldemission scanning electron microscope (FE-SEM) and transmission electron microscope (TEM). The evaluation of water-repellency of Ni-PTFE composite films is done by measuring the contact angle for water drops.
Experimental Details
The plating solution used was a standard Watt's nickel plating bath containing 1 mol/L NiSO 4 .6H 2 O, 0.2 mol/L NiCl 2 .6H 2 O and 0.5 mol/L H 3 BO 3 . The composition of the plating bath and the plating parameters are given in Table 1 . All solutions were prepared using deionized water and reagent grade chemicals. The PTFE particles with a mean particle size of 0.3 mm (L-2, DAIKIN) were selected for the present study. The PTFE dispersion was prepared in deionized water by mixing with a cationic fluorocarbon surfactant. The particle concentration in the plating bath was varied from 2.5 g/L to 37.5 g/L. Each plating bath was mixed by mechanical homogenizer for 30 min, and subsequently by ultrasonic agitation for 60 min.
A copper foil with the thickness of 35 mm was employed as a substrate. Prior to the deposition, the copper foil with the dimensions of 1 Â 2 cm was polished to a mirror finished surface by anodic electropolishing for 3 min into a H 3 PO 4 aqueous solution (9.7 mol/L) at 1.5 V against a copper cathode. The copper foil was then rinsed with deionized water, and dried by nitrogen gas. A nickel plate were employed as anode material. The distance between the substrate and the anodic material was 3 cm, and the area ratio of two electrodes is 1 to 1. The range of current density was varied from 500 to 1000 A/m 2 , and all the deposition processes were performed under the total electric charge of 36 C/cm 2 . The bath temperature was maintained at 40 C AE 0:1 C, which was regulated by controlling the power of a heating resistance to keep the temperature constant.
The PTFE content in the composite films was determined by a weight method. Firstly only Cu foil was dissolved into a (NH 4 ) 2 S 2 O 8 aqueous solution (0.87 mol/L). Then Ni in the Ni-PTFE composite film without substrate was dissolved into a HNO 3 aqueous solution (6.5 mol/L). After Ni had been completely dissolved, the solution was filtrated using the membrane filters (ADVANTEC, pore diameter 0.1 mm) through a vacuum suction apparatus. The amount of PTFE particle was weighed using precise balance. Thus the PTFE particle content was calculated from the difference in the weight of the composite film and the PTFE particles.
The particle size distribution of PTFE particles dispersed in the plating bath was determined by a laser diffraction particle size analyzer (SALD-7000, Shimadsu). The surface morphologies and fractured cross-sections were observed by field-emission scanning electron microscope (FE-SEM: S-4100, HITACHI). The microstructures of the composite films were determined by X-ray diffraction (XRD: RINT2200V/ PC, RIGAKU) and a transmission electron microscope (TEM: JEM-2000, JEOL). The evaluation of water-repellency of the composite films was done by measuring the contact angle for water drops with the help of contact angle meter (DropMaster 350, KYOWA INTERFACE SCIENCE).
Results and Discussion
3.1 Particle size distribution of PTFE particles in the plating bath Particle size distribution measurement has been frequently performed in the manufacture of metal matrix composite films by electrodeposition or electroless method for evaluation of particle dispersion in the plating bath. The particle size distributions of PTFE particles dispersed in the plating baths with various particle concentrations are shown in Fig. 1 . This figure shows a slight difference among the four PTFE particle concentrations in the plating baths, with a variation of 0.1 to 0.2 mm in terms of median diameter. This is evident that PTFE particles have relatively homogeneous dispersion in the plating bath probably due to the effect of cationic surfactant under all the PTFE particle concentrations in the plating baths. The uniform dispersion of PTFE particles in the plating bath may be considered to capture a uniform particles distribution in the composite films.
PTFE particle content in the composite films
The Ni-PTFE composite films with different PTFE particle content have been successfully electrodeposited using the above plating bath and the plating parameters. The dependence of incorporated PFTE particle content in the composite films on the PTFE particle concentration in the plating bath is shown in Fig. 2 . The volume percent of co-deposited PTFE particles in the composite film rapidly increases with increasing the PTFE particle concentration in the plating bath, then tends to attain a constant value when the PTFE dispersion concentration exceeds 25.0 g/L, which is in agreement with that found by other researcher. 5) Evidently, increasing the PTFE particle concentration in the plating bath may increase the flux of PTFE particles adjacent to the electrode surface, then enhances the PTFE particle content in the composite films. It is worthwhile noting that in the present study, the PTFE particles in the plating bath are controlled at a proper concentration (maximum concentration is 37.5 g/L) since the higher PTFE particle concentration in Agitation Yes the bath may result in the agglomeration of PTFE particles in the plating bath, which may retard the particles co-deposition in the composite films. 6) Moreover, the volume percent of codeposited PTFE particles in the composite films increases with increasing the current density. Such behavior can be attributed to the electrophoresis deposition of PTFE particles, accompanying with electrodeposition process. In this case, the co-deposition of PTFE particles can be considered as the electrophoresis process since these particles might be electrically charged by the effect of cationic surfactant in the plating bath. 7) As the metal ions are reduced at the electrode surface the particles are engulfed into the growing metal film. The stronger the electric field then the more PTFE particles embedded into the composite films.
Based on the above results, it can be concluded that the Ni-PTFE composite films with the PTFE particle content from 14.7 to 47.4 vol% have been electrodeposited from Watt's nickel plating bath containing a cationic fluorocarbon surfactant.
X-ray diffraction study
The crystallographic structures of Ni-PTFE composite films at different PTFE particle content were characterized by means of X-ray diffraction analysis. Figure 3 illustrates the typical X-ray diffraction patterns of Ni-PTFE composite films composed of Ni deposited film and PTFE particles. It should be mentioned that the two strong peaks at 2 ¼ 43:2 , 50. 4 in Fig. 3 are due to the copper substrate. 8) In the diffraction pattern of Ni deposited film (curve (a)), two peaks are observed at 2 ¼ 44:5 , 51.8 , and these peaks correspond to the (111) and (200) planes of face-centric cubic Ni. 9) Moreover, in the diffraction patterns of PTFE particles (Fig.  2(e) ), one sharp peak at 2 ¼ 18:1 and several weak peaks are observed, and these peaks correspond to the PTFE particles. Furthermore, in the case of Ni-PTFE composite films, both diffraction peaks due to Ni and PTFE particles are observed simultaneously. It has been noted that all the diffraction peaks do not shift to lower or higher diffraction angle although the intensity of the diffraction peaks tends to change. This is evident that inclusion of PTFE particles does not affect the crystallographic structure of Ni matrix, and no new phase can be formed with the increase of PTFE particle content in the composite films. In all the Ni-PTFE composite films, the stronger Ni (111) peaks seem to indicate a dominant role in the orientation of the composite films. However, the correlation between the PTFE particle content in the composite films and the orientation could not be established since the orientation of Ni deposited film coincides with various factors such as current density, pH value of the plating bath, and additive type and concentration etc.
10) Furthermore, the diffraction peak due to PTFE particles in the composite films continually changes from weak to sharp with the increase of the particle content, showing a proportional correlation with PTFE particle content in the composite films.
SEM observations
Compact, smooth Ni-PTFE composite films with favorable adherence on the copper substrates were achieved in most cases. The visual examination has revealed that the brightness is one of obvious differences in Ni-PTFE composite films at different particle content. The Ni-PTFE composite films with lower particle content have been found to be bright, whereas those with higher particle content have been found to be dull in appearance. The Ni-PTFE composite films with higher particle content are smooth, dull grey in appearance, with a metallic shine. Figure 4 shows the change of surface morphologies of Ni-PTFE composite films at different particle content. The morphologies of the composite films are very flat and smooth, showing the changing volume percent of PTFE particles. Moreover, no obvious agglomeration of the particles could been observed in all the composite films, indicating a homogeneous distribution of PTFE particles within Ni matrix. At higher magnification, the fine distribution of PTFE particles could be observed more clearly, as shown in Fig. 5 by FE-SEM. The cross-section has been observed using FE-SEM. Figure 6 shows the fractured cross-section of Ni-PTFE composite film with 47.4 vol% PTFE content. The PTFE particles within Ni matrix are virtually homogeneous. The inset shows high magnification with evidence of ultradispersed PTFE particles within Ni matrix.
The smooth morphologies of Ni-PTFE composite films can be attributed to the effect of the cationic surfactant during the electrodeposition process. Figure 7 shows surface morphologies of Ni deposited films obtained from the plating baths with or without the addition of surfactant, as well as Ni-PTFE composite film with 38.5 vol% PTFE content, which were prepared under the same deposition conditions. Many pyramidal nodules are observed from Ni film deposited from the plating bath without addition of cationic surfactant (Fig.  7(a) ), showing a rather rough surface feature. Addition of surfactant into the plating bath, however, markedly improves the appearance and adherence of Ni deposited films since the surfactant can be adsorbed onto the surface of substrate ( 18 µm 
nm

7(b))
. Thus, as a result, the surface morphology becomes smooth and flat. In this case, the surfactant in the bath not only plays a role of dispersing agent for PTFE particles, but also acts as a brightener for the Ni-PTFE composite film. 11) In contrast to the results which have been found by other researchers, 12) the inclusion of PTFE particles does not remarkably affect the surface morphology of Ni-PTFE composite film (Fig. 7(c) ) in comparison with Fig. 7(b) . The degree of surface roughness is dependent upon various parameters such as particles size, film thickness, particle content and particles distribution within metal matrix. In general, the inclusion of particles within the composite films tends to increase the surface roughness, especially in the case of hard particles. 13) In the present study, the surface morphology of Ni-PTFE composite films seems to be affected by the surfactant in the plating bath rather than the inclusion of PTFE particles into the composite films.
TEM observations
In order to determine the crystallographic structures of Ni-PTFE composite films, the TEM observation has been carried out. Figure 8 shows the low and high magnification TEM images and selected area diffraction (SAD) pattern of composite film with 47.4 vol% PTFE content. Figure 8(a) shows, under low magnification, that the PTFE particles in the order of 0.3 mm are present clearly, showing the homogenous distribution of the PTFE particles within Ni matrix, which is similar to the SEM result obtained in present study. The high magnification image as shown in Fig. 8(b) clearly shows that no apparent crystal defects such as dislocation, twin crystal etc. could be observed, which is different with the results reported by other researcher. 14) Here the inclusion of PTFE particles in the Ni matrix seems to have very little inference on the crystallographic structure. Furthermore, as shown in Fig. 8(b) , no new phase could be observed in the interface between the PTFE particles and the nickel matrix. This means that the PTFE-Ni bond must have a physical or mechanical nature. The nature of interface between the PTFE particles and the Ni matrix is greatly important because of its influence on the behavior of physical or chemical properties of the composite films. The SAD pattern as shown in Fig. 8(c) shows the typical diffuse rings corresponding to Ni matrix with polycrystalline structure. 
Contact angle measurements
In order to understand the water-repellency of Ni-PTFE composite films, the evaluation of water-repellency of Ni-PTFE composite films was done by measuring the contact angle for water drops. The water drops with the diameter of 1.0 mm on the Ni-PTFE composite films in Fig. 9 are globular, indicating that the water repellency are improved markedly. The contact angle for the Ni-PTFE composite film with 28.0 vol% PTFE content is about 122. 3 , while that for the Ni-PTFE composite film with 47.4 vol% PTFE content is about 154. 9 , showing a superior water-repellency. The correlation between the contact angle and the PTFE particle content in the composite films is shown in Fig. 10 . The contact angle increases with the increase of the PTFE content in the composite film. This means that the inclusion of PTFE particles can improve the water-repellency of composite film and indicates that the water-repellency of composite films is dependent upon with the PTFE particle content in the composite films. The water-repellency of Ni-PTFE composite films, in general, can be ascribed on two factors: i) C-F bonding existing in the PTFE particles. Due to its low surface free energy, PTFE particles show favorable water-repellency. ii) fractal effect on the surface of composite films. According to the Wenzel's law, 15) a rough surface (fractal surface), would alter the relative effective contribution of the solidliquid interface to the surface free energy, then results in a remarked increase of water-repellency on surface of films. 16) In this case, the PTFE particles embedded on the surface of in Ni-PTFE composite films forms a fractal structure, and this fractal surface repels a water droplet completely, and shows the contact angle lager than 150 .
Conclusions
Ni-PTFE composite films with different PTFE content have been prepared from the Watt's nickel plating bath containing a cationic surfactant as the dispersing agent of PTFE particles by changing the PTFE particle concentration in the plating bath and electrodeposition conditions. Their microstructures and physical properties have been investigated and then the results clearly indicate the followings:
(1) PTFE particles can be uniformly dispersed in the plating bath using the cationic fluorocarbon surfactant as a dispersing agent. The PTFE content in the composite films increases with increasing the particle concentration in the plating bath, then reach a constant value when the particle concentration exceeds 25.0 g/L.
(2) PTFE particles take a homogeneous distribution within the Ni matrix. No new phase can be formed in the interface between the PTFE particles and Ni matrix in the composite film.
(3) Ni-PTFE composite film have a flat and smooth surface morphology, possibly due to the effect of cationic surfactant in the bath.
(4) Ni-PTFE composite films with higher particle content show a superior water-repellency. ig. 10 Correlation between the contact angle of a water drop and the PTFE particle content in the composite film.
